INTRODUCTION {#SEC1}
============

Poly(ADP-ribose) polymerase-1 (PARP1) and poly(ADP-ribose) polymerase-2 (PARP2) are nuclear proteins responsible for the synthesis of polymers of ADP-ribose using β-NAD^+^ as substrate ([@B1],[@B2]). These enzymes are implicated in response to cell DNA damage, recognizing damaged DNA generated under genotoxic stress or DNA breaks as a result of the activity of DNA repair enzymes ([@B3]--[@B7]). Upon binding to damaged DNA, PARP1(2) catalyse PARylation of itself and/or of a number of nuclear proteins including DNA repair/replication factors ([@B1],[@B3],[@B8]). Although the catalytic domains of PARP1 and PARP2 have a high degree of homology, the PARP2 DNA binding domain is distinct from that of PARP1 ([@B4],[@B9],[@B10]). This could reflect differences between these proteins in their preferences for binding to damaged DNA, because their activity is regulated by their DNA-binding domains ([@B5],[@B10],[@B11]). PARP1(2) activity and DNA substrate specificity have been studied by an ensemble of biochemical approaches to estimate their preference for the damaged DNA ([@B11]--[@B15]). Previously, analysis of PARP1(2) binding to damaged DNA was carried out mainly using short DNA duplexes; however in this case it is difficult to analyse the interaction with a single DNA damage. The interaction of PARP1(2) with nicks and blunt ends on short DNA duplexes can overlap. Therefore long DNA duplexes with several DNA damages located at a distance from one another are better models to study the influence of blunt DNA ends, undamaged DNA sequences and a single damaged site on the specificity of protein--DNA interaction.

Here, we studied the interaction of PARP1(2) with long DNA fragments containing DNA breaks using atomic force microscopy (AFM) imaging and fluorescence assays to estimate the DNA binding characteristics of these proteins. We established new optimal conditions for adsorption of DNA--PARP1(2) complexes on mica surface mediated by putrescine (Pu^2+^). The conditions were exploited to detect the interaction of PARP1 and PARP2 with long DNA fragments (1200-bp) containing only DSB ends or DSBs together with a unique single strand break (SSB). Statistical analysis of the AFM data in view of localizing proteins bound to DNAs shows that PARP1 specifically binds to both SSB and DSB with a preference for nicks. At the same time, this protein binds to undamaged DNA, but to a lower extent than to breaks. In contrast to PARP1, PARP2 binds weakly to undamaged DNA and to DSB ends, and localizes mainly to SSBs. These results correlate with fluorescence data revealing that the binding affinity of PARP2 to 1200-bp DNA is 5-fold weaker in comparison to the same DNA fragment containing a nick. At the same time, the appearance of a SSB in DNA leads only to a 2-fold increase in the binding affinity of PARP1 to the DNA fragment. AFM data show that PARylated PARP1(2) are still able to interact with DNA. Thus, PARylated PARP2 was detected near nicks, while modified PARP1 was near blunt ends. The data are in the agreement with previous biochemical findings indicating that the PARylated PARP1 can interact with damaged DNA ([@B16],[@B17]). The length of the PAR polymer formed by PARP1(2) appears to be influenced by the initial binding affinity of the proteins for the damaged site. Our observations by a single-molecule study implicate PARP2 in the recognition of nicks and suggest its role in SSB repair.

MATERIALS AND METHODS {#SEC2}
=====================

Chemicals, reagents and proteins {#SEC2-1}
--------------------------------

Chemical compounds (MgCl~2~, putrescine and spermidine) were purchased from Sigma-Aldrich. 'Vivaspin' ultrafiltration spin columns were from 'Sartorius Stedim. Biotech. GmbH'. Nb.BsmI, nicking endonuclease and plasmid pBR322 were purchased from 'New England BioLabs'. Taq DNA polymerase was purchased from 'Thermo Scientific'. Murine PARP2 was expressed in insect cells and purified according to ([@B18]). Human PARP1 was expressed in *Escherichia coli* and purified according to ([@B19]). The 1200-bp DNA fragment containing the Nb.Bsm1 target sequence in the middle of the chain was prepared by the polymerase chain reaction (PCR). Plasmid pBR322 was used as a template with the following primers: 5′-CGCCGCACTTATGACTGTCTTC-3′- forward primer and 5′-GCGTTAATGTCTGGCTTCTGA-3′- reverse primer. Although Taq DNA polymerase has a tendency to add an adenine nucleotide to the 3′-ends of PCR products, 1200-bp DNA was considered as DNA fragment with blunt ends. The PCR products were run on a 1% agarose gel and purified using a gel extraction kit ('Fermentas'). Nicked DNAs were obtained by incubating the 1200-bp DNA or pBR322 with Nb.Bsm1 nicking endonuclease according to the recommended protocol. Formation of the nicked circular form of pBR322 was analysed by 0.8% agarose gel electrophoresis with EtBr staining. The 1400-bp DNA carrying ends with short overhangs (4 nt) was prepared using pBR322. The plasmid was cleaved with Pst1 (ACGTC)/Sal1(CAGCT) and the fragment was purified on a 1% agarose gel. DNA concentrations were determined by measuring the absorbance at 260 nm.

Sample preparation for AFM imaging {#SEC2-2}
----------------------------------

PARP1 or PARP2 (1.75--14 nM) and DNAs (1.5 nM for 1200-bp DNAs or 0.35 nM for nicked pBR322) were incubated in AFM deposition buffer (12.5 mM Hepes, pH 8.0, 12.5 mM KCl, 1 mM DTT) on ice for 1--5 min. Just before sample deposition, to adsorb the PARP1(2), DNA, DNA--PARP1 or DNA--PARP2 complexes, multivalent cations were added to the solution to final concentrations of 10 mM Mg^2+^, as well as 5 mM putrescine (Pu^2+^) or 50 μM spermidine (Spd^3+^), after which a 10-μl droplet was deposited on the surface of freshly cleaved mica at room temperature for 30 s. The mica surface was then rinsed with 0.02% uranyl acetate solution to stabilize the DNA--protein complexes in their conformations for AFM imaging in air ([@B20]). The sample was rapidly rinsed with pure water (Millipore) and air-dried before imaging. For experiments with auto-PARylation of PARP2, 3.5 nM PARP2 was incubated with 1.5 nM nicked 1200-bp DNA in the AFM deposition buffer in the presence of 100 μM NAD^+^ on ice for 5--120 min. For experiments with auto-PARylation of PARP1, 35 nM PARP1 was incubated with 3.5 nM nicked pBR, 3.5 nM supercoiled pBR or 13.7 nM 1200-pb DNA in the AFM deposition buffer in the presence of 100 μM NAD^+^ and 10 mM MgCl~2~ at 37°C for 15--120 min. After incubation the samples were diluted 10× in AFM deposition buffer and immediately deposited on mica. For AFM imaging, the samples were processed as described above.

AFM and image analysis {#SEC2-3}
----------------------

Sample imaging was performed in air at room temperature in the tapping Mode™ with a Multimode™ AFM (Veeco, Santa Barbara, CA, USA) operating with a Nanoscope IIIa™ controller. Olympus (Hamburg, Germany) silicon cantilevers AC160TS with resonance frequencies of about 300 kHz and nominal spring constants of 10--100 N/m were used. The scan frequency was typically 1.5 Hz per line and the modulation amplitude was a few nanometres. Data were acquired at a set point chosen to minimize tip--sample interaction force and a first or second order polynomial function served to remove the background. The 'section' tool in the Nanoscope Analysis software (version 1.50) was used to determine the molecular dimensions of the protein particles. Cross-sections of the individual particles imaged by AFM were made and the height and diameter at half-maximal height of each single particle were measured. The DNA length and the position of PARP1(2) on DNA were analysed using 'ImageJ' software. The length of the DNA contour was manually traced on AFM images. In the case of DNA--protein complexes, the contour length was manually traced as the shortest possible DNA path through the bound protein. The size of PARylated proteins were calculated using the following equation: S = πR^2^, where the *R* is the minimum radius of the circle in which PARylated proteins could be enclosed. The radius was measured from AFM images using the 'section' tool in the Nanoscope Analysis software. The percent of DNA bound to PARP1(2) was estimated as the ratio between the number of DNA fragments interacting with one or more protein molecules over the total DNA fragments adsorbed on mica. The binding specificity of PARP1(2) with DSB and SSB was quantified by estimating the percent of PARP1(2) complexes bound to the DNA lesion site ([@B21]). The protein--DNA complexes were classified according to whether they were located at the ends, at the nick site or at the non-damaged sites of the model DNA fragments (Supplementary Figure S1A--C), taking into account that the protein interacts with the DSB ends when it is located within the last 40 nm of each DNA end, and with SSB when the protein is located between 194 and 234 nm from one DNA extremity (Supplementary Figure S1D). The interval of 40 nm was selected on the basis of the mean ± SD contour length measured for PARP1(2)--DNA complexes (Supplementary Figure S1 E and F).

DNA binding constants and specificities {#SEC2-4}
---------------------------------------

Binding specificities (S) and constants (*K*~d~) were calculated as described previously ([@B21]). Briefly, the method is based on the determination of the average DNA fractional occupancy of PARP1(2) at non-specific (undamaged DNA) sites, specific (nick) sites on the DNA and the DNA ends. The counting of protein--DNA complexes and DNA fragments was used to calculate the fractional occupancy, that is the total number of DNA fragments (*n*~Fragment~), the total number of PARP1(2)--DNA complexes at undamaged DNA contours (*n*~Complex,Und~), the total number of DNA termini (*n*~Complex,Ends~) and nicks (*n*~Complex,Nick~) bound by these proteins (Supplementary Table S1). Taking into account the size of PARP1(2) in AFM images (Supplementary Figure S1 D and F), the 1200-bp DNA fragment contains two DNA ends and 976 non-specific sites; nicked 1200-bp DNA contains one specific site, two DNA ends and 864 non-specific sites. The specificities and AFM-site specific binding affinities (*K*~d~) of PARP1(2) to nicked, to non-specific sites and to DNA ends were calculated directly estimating the number of specific and non-specific complexes and fractional occupancies of PARP1(2) bound to different DNA sites (Supplementary Table S1). Composite macroscopic binding constants (*K*~d,\ AFM\ macro~) of PARP1 and PARP2 to 1200-bp DNA fragments were calculated using values of *K*~d~ for specific and non-specific sites and DNA ends ([@B21]).

Fluorescent labelling of PARP1 and PARP2 and fluorescence titration assays {#SEC2-5}
--------------------------------------------------------------------------

For protein labelling, 5(6)-carboxyfluorescein N-hydroxysuccinimide ester (FSE) was used, in which the carboxyl groups were activated with N-hydroxysuccinimide (NHS). The NHS ester is easily displaced by nucleophilic attack from primary amino groups of the N-terminal group of the protein (primary target at pH 8.0) and lysine side chains at the water-accessible surface of the protein, thus forming an amide bond with the original carboxyl group of fluorescein at physiological pH. Purified PARP1 or PARP-2 (1.8 pmol) were incubated with FSE (8 pmol) at 4°C overnight in buffer containing 50 mM Hepes, pH 7.5 and 100 mM NaCl. Unreacted FSE was removed by dialysis, followed by concentration of the labelled proteins on ultrafiltration spin columns. The concentration of PARP1(2)-fluorescein conjugates and labelling efficiency were determined using the extinction coefficients: ϵ~280~ = 120 000 M^−1^cm^−1^ for PARP1, ϵ~280~ = 70 415 M^−1^cm^−1^ for PARP2 and ϵ~280~ = 23 400 cm^−1^ M^−1^ and ϵ~495~ = 60 000 M^−1^ cm^−1^ for fluorescein. The degree of labelling was estimated as 25% for PARP1 and 28% for PARP2. Fluorescence titration experiments were performed by adding increasing amount of DNAs to a fixed concentration of protein (20 nM for PARP1-fluorescein and 90 nM for PARP2-fluorescein) in buffer containing 12.5 mM Hepes-KOH (pH 8.0), 12.5 mM KCl and 1 mM DTT. The excitation wavelength was set at 485 nm, and emission wavelength at 520 nm. All experiments were performed at 28°C on a POLARstar Optima multidetection microplate reader (BMG Labtech, Offenburg, Germany) in a 96-well assay 'V' bottom black plate (Axigen), and thus, one well contained one titration point. These experiments were carried out in the same buffer as used for AFM sample preparations. The volume of the reaction mixture was 50--100 μl. All reactions were mixed at room temperature. The plate was incubated at 28°C in the reader. Each experiment was repeated at least three times.

The degree of binding (*D~b~*) was estimated using the following equation: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} D_b = \frac{{F - F_0 }}{{F_{{\rm max}} - F_0 }}, \end{equation*}\end{document}$$ where *F* indicates the fluorescence intensity of the PARP1-fluorescein (or PARP2-fluorescein) conjugates at different DNA concentrations, and *F~0~* and *F*~max~ are the fluorescence intensities in the absence and at saturating levels of the DNA, respectively.

The dissociation constants (*K*~d~) were calculated using the following equation: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} D_b = \frac{1}{{1 + \frac{{K_{\rm d} }}{{[C]}}}} \end{equation*}\end{document}$$ where \[*C*\] is the concentration of the DNA.

RESULTS {#SEC3}
=======

Imaging of PARP1(2)--DNA complexes in the presence of polyamines {#SEC3-1}
----------------------------------------------------------------

AFM experiments make it possible to observe the interaction between single molecules whereas traditional biochemical techniques indicate only average values from a large number of interacting molecules ([@B21]--[@B24]). However, AFM imaging of DNA--protein complexes is not straightforward since the complexes can dissociate during their adsorption and immobilization on the surface ([@B23],[@B25]). The absorption of DNA and of protein--DNA complexes on mica requires the presence of multivalent cations, such as magnesium (Mg^2+^), putrescine (Pu^2+^) or spermidine (Spd^3+^), in the deposition buffer or using fixing agents such as glutaraldehyde ([@B25]--[@B28]). However, it has been shown that the cations can affect protein stability during the absorption process ([@B25],[@B29]--[@B31]). Therefore, at first, we determined the appropriate conditions for the deposition of free PARPs on mica in the presence of different cations, namely Mg^2+^, Pu^2+^ or Spd^3+^. Representative AFM images of free PARP1 and PARP2 are shown in Figure [1A](#F1){ref-type="fig"}. The average molecular heights and distribution of volumes for PARP1 and PARP2 molecules in the presence of different cations were estimated from these images (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S2). In contrast to Mg^2+^ or Pu^2+^, slight oligomerization of both proteins was observed in the presence of Spd^3+^ (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S2). Thus, using Spd^3+^ in the deposition process can induce protein aggregation that can complicate the analysis of DNA--PARP1(2) complexes by AFM.

![AFM images of PARP1 or PARP2 molecules deposited on mica surface in the presence of different counterions. (**A**) Images of PARP1 (2 nM) or PARP2 (2 nM) in the presence of 10 mM Mg^2+^, 5 mM Pu^2+^ or 50 μM Spd^3+^. Scale bar 500 nm; Z scale: 7 nm. (**B**) The average height of PARP1 or PARP2 measured in images shown in (A) (*n*, number of molecules analysed). Results are mean ± SD of three independent samples. *P*-values were obtained by comparing the results by *t*-test, \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.005; ns, not significant.](gkv1476fig1){#F1}

PARP1 acts as a molecular sensor of DNA breaks and is involved in both SSB and DSB repair ([@B1],[@B7],[@B32],[@B33]). PARP2 participates in SSB repair but there is no strong evidence that this protein is involved in DSB repair ([@B8],[@B34]). *In vitro*, the interaction of PARP1([@B2]) with DNA containing SSBs and DSBs has been studied by different techniques ([@B10]--[@B15],[@B35],[@B36]). However, AFM has never been employed in investigating binding of PARPs with DNA containing these types of lesions. Here we used a 1200-bp double-stranded DNA fragment (1200-bp DNA), and the same fragment with a nick in the middle of the chain (nicked 1200-bp DNA) to characterize PARPs and DNA complexes with AFM (Supplementary Figure S1D). The use of long DNA substrates can lead to a better discrimination of PARP1(2) binding to DSBs and nicks in the context of linear DNA duplexes.

Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"} show AFM images of 1200-bp DNA alone or after incubation with varying concentrations of PARP1(2) proteins. Sample depositions on mica were performed in the presence of Pu^2+^ or Mg^2+^. Under these conditions, PARP1(2)--DNA complexes were not detected by AFM using a large range of Mg^2+^ concentrations from 2 to 20 mM (data not shown). In contrast to Mg^2+^, the complexes were visualized in the presence of Pu^2+^ (Figure [2A](#F2){ref-type="fig"}). Consequently, Pu^2+^ was selected as counterion for PARP1(2)--DNA complex adsorption. Under high PARP1 concentrations, the formation of large aggregates and a decrease of the amount of isolated molecules adsorbed on the surface were observed (Figure [2A](#F2){ref-type="fig"}). PARP1 aggregation on mica has already been demonstrated by AFM using the chromatin system ([@B37]). In the same range of protein concentrations, PARP2 showed a completely different behaviour since the density of DNA molecules remained constant while the number of proteins adsorbed on the surface significantly increased (Figure [2A](#F2){ref-type="fig"}). Thus, a concentration of around 3.5 nM PARPs is more suitable for the comparison of the efficiencies of DNA--protein complex formation using AFM experiments for the following reasons; (i) aggregate formation for DNA--PARP1 complexes on mica surfaces is limited under these conditions, (ii) the number of PARP2 molecules adsorbed on the surface remains sufficiently low to limit the formation of non-specific DNA--PARP2 complexes and (iii) the ratio of DNA--protein complexes over the total adsorbed DNA is sufficiently high to perform statistical analyses of PARP interaction with DNA. Under the conditions developed here, a low level of complex formation between PARP2 and DNA was observed. Only 18% of DNA was involved in interaction with this protein. In contrast to PARP2, PARP1 is more effective in binding to dsDNA and the yield of complex was about 65% at 3.5 nM protein concentration (Figure [2C](#F2){ref-type="fig"}). The AFM results are in agreement with the results of fluorescence titration experiments showing that the affinity of PARP1 for 1200-bp DNA is about 5-fold higher than that of PARP2 (Figure [2D](#F2){ref-type="fig"}).

![Analysis of PARP1 and PARP2 complex formation with DNA containing DSB ends. (**A**) Binding of PARP1 or PARP2 to 1200-bp DNA analysed by AFM. A total of 1200-bp DNA was incubated with 1.75--14 nM PARP1 or PARP2 and imaged by AFM in air. All images were obtained using 5 mM Pu^2+^ for complex adsorption. White arrows indicate PARP1(2)--DNA complexes. Scale bar 1 μm; Z scale: 7 nm. (**B**) Image of 1200-bp DNA deposited on mica surface in the absence of PARP1 or PARP2. Scale bar 500 nm; Z scale: 7 nm. (**C**) Quantitative analysis of PARP1(2)--DNA complex formation depending on protein concentration, the number of DNA molecules analysed: 164 for 1.75 nM PARP1, 400 for 1.75 nM PARP2, 138 for 3.5 nM PARP1, 326 for 3.5 nM PARP2, 117 for 7 nM PARP1. At 7nM of PARP2, the detection of a specific interaction between the DNA fragment and the protein was complicated due to the high density of free PARP2 adsorbed on the surface. The results represent mean ± SD of three independent samples. (**D**) Fluorescence measurements of PARP1 and PARP2 binding to DNA. The reaction mixtures containing the fluorescein-labelled protein PARP1 or PARP2 were titrated with increasing amounts of 1200-bp DNA. Bars indicate the standard error of three independent experiments.](gkv1476fig2){#F2}

To analyse the interaction of PARP1(2) with the DSB ends, we estimated the position distributions of the proteins bound to 1200-bp DNA fragments using 3.5 nM PARP1 or PARP2 (Figure [3](#F3){ref-type="fig"}). Representative AFM images of 1200-bp DNA in the presence of PARP1 or PARP2 are shown in Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}. Analysis of the position distributions of PARP1(2) molecules on DNA fragments shows that about 40% of PARP1(2) molecules are located at DNA ends while 60% interact with the internal region of the DNA molecules (Figure [3C](#F3){ref-type="fig"}). For detailed description of this DNA substrate and details of how the position of proteins along the DNA were defined and measured, see Supplementary Figure S1. Although high levels of PARP1--DNA complex formation and low levels in the case of PARP2 were observed (Figure [2C](#F2){ref-type="fig"}), both proteins bind to DNA ends with similar specificity (Table [1](#tbl1){ref-type="table"}). At the same time, comparative analysis of the site specific *K*~d~ values of the proteins indicates that PARP1 has about five time more affinity to DNA ends and non-specific DNA sites than that of PARP2 (Table [1](#tbl1){ref-type="table"}). Interestingly, the composite *K*~d~ values of PARP1(2)--DNA complexes calculated from AFM-site specific constants are consistent with the ones determined from fluorescence titration experiments (Table [1](#tbl1){ref-type="table"}).

![AFM analysis of the interaction of PARP1 and PARP2 with undamaged DNA and DNA ends. Large scale AFM images (left) of PARP1 (**A**) and PARP2 (**B**) binding to 1200-bp DNA and zoomed images (right) of PARP1(2)--DNA complexes. A total of 1200-bp DNA was incubated with 3.5 nM PARP1 or PARP2 and imaged by AFM in air. Arrows indicate binding of PARP1(2) to DNA ends or undamaged DNA. Scale bar 1 μm; Z scale: 7 nm. (**C**) Position distributions of PARP1 and PARP2 on 1200-bp DNA; number of complexes analysed: 90 for PARP1 and 62 for PARP2. The results represent mean ± SD of three independent samples.](gkv1476fig3){#F3}

###### DNA binding constants and specificities of PARP1 and PARP2 for the 1200-bp DNA fragment

                                     PARP1         PARP2                     
  ---------------------------------- ------------- ---------- -------------- ------------
  AFM-site specific constants:                                               
  DNA ends                           17.5 ± 1.0    360 ± 36   90.9 ± 6.2     323 ± 29.3
  Non*~-~*specific                   6329 ± 518               29411 ± 1764   
  Binding constants (AFM macro)^a^   3.30 ± 0.23              16.10 ± 1.01   
  Binding constants (Flu)^b^         1.66 ± 0.02              7.65 ± 0.66    

^a^Composite macroscopic binding constants of PARP1 and PARP2 to 1200-bp DNA fragments.

^b^Macroscopic binding constant of PARP1 and PARP2 to a 1200-bp DNA measured by fluorescence titration in this study (Figure [2D](#F2){ref-type="fig"}).

Collectively, these data indicate that PARP1 interacts more efficiently with both termini and undamaged parts of long linear DNA than PARP2.

Specificity of PARP1 and PARP2 interaction with SSBs and DSBs {#SEC3-2}
-------------------------------------------------------------

Both PARP1 and PARP2 have been shown to be involved in BER/SSB repair interacting with repair proteins and DNA intermediates, including DNA with an apurinic/apyrimidinic site, nick, short gap or flap lesions ([@B5],[@B7],[@B8],[@B13],[@B16],[@B38]--[@B41]). Although PARP2 recognizes and binds to gap- or flap-containing DNA structures ([@B3],[@B8],[@B10],[@B13]), recently DNA with a 5′-phosphorylated SSB was identified as a preferential substrate for PARP2 activation ([@B14]). To test whether a single DNA nick influences PARP1 and PARP2 binding to long DNA molecules by AFM, nicked circular pBR or nicked 1200-bp DNA fragments were used. The circular shape of the pBR plasmid formed by endonuclease treatment was demonstrated by agarose gel and AFM imaging (Supplementary Figure S3). Both for PARP1 and PARP2, the presence of one protein molecule interacting with the nicked plasmid was detected (Supplementary Figure S4A). However, the compaction or crossover formation of the DNA on the AFM surface limits the detection of specific DNA--protein interactions and complicates the statistical analysis of PARP complex formation (Supplementary Figure S4A). Although nicked pBR does not appear to be a good model for AFM studies of interactions of PARP1 and PARP2 with the DNA nick site, we compared the affinity of these proteins for the substrate using fluorescence titration (Supplementary Figure S4B). Both proteins demonstrate similar *K*~d~ values with nicked pBR, although PARP1 and PARP2 show clear differences in binding affinity to 1200-bp DNA (Figure [2D](#F2){ref-type="fig"} and Supplementary Figure S4B). In contrast to nicked pBR, using linear 1200-bp DNA fragments carrying a single nick allowed to quantify the complexes of PARP1(2) with DNA and to determine the specificity of interactions of these proteins with individual lesions (Supplementary Figure S1D). Using nicked 1200-bp DNA results in a slight increase in the amount of PARP1--DNA complexes formed in comparison to the same DNA fragment without SSB (Figures [2C](#F2){ref-type="fig"} and [4C](#F4){ref-type="fig"}). About 65% of PARP1 molecules are detected on SSB/DSB sites and only 35% are bound to undamaged DNA. Interestingly, the presence of a single nick in the DNA significantly increases the amount of PARP2--DNA complexes detected by AFM, and the protein is clearly localized at the nick site (Figure [4](#F4){ref-type="fig"} C and B). The resulting distributions of PARP2 on nicked DNA reveals its high preference for SSBs, since more than 70% of all complexes are formed by PARP2 molecules interacting with SSBs (Figure [4D](#F4){ref-type="fig"}). Thanks to high resolution imaging, it was also possible to determine the fractional occupancies of the proteins bound to different DNA sites and to calculate their binding affinity and the specificity for nicked sites (Supplementary Tables S1 and S2). The data show that PARP2 and PARP1 have a similar affinity for nicks; however PARP2 reveals a higher specificity for this type of DNA breaks (Table [2](#tbl2){ref-type="table"}). Thus, PARP2 exhibits a significant preference for binding to nicked sites over DNA ends and undamaged DNA. Notably, binding of the protein to nicks influences the calculated composite macroscopic binding constants, and the affinity of PARP2 for nicked DNA fragments comes very close to that of PARP1 (Table [2](#tbl2){ref-type="table"}). These results are consistent with the ones of the determination of the *K*~d~ values of the PARP1(2) complex with a nicked 1200-bp DNA using fluorescence titration (Figure [4E](#F4){ref-type="fig"}). Both proteins show a higher affinity for DNA carrying a single nick as compared to DNAs with only blunt ends (Figures [2D](#F2){ref-type="fig"} and [4E](#F4){ref-type="fig"}). When compared to PARP1, PARP2 has a weaker affinity for DNA containing only DSB ends, but a similar affinity for nicked DNA (Figures [2D](#F2){ref-type="fig"} and [4E](#F4){ref-type="fig"}, Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Thus, when 1200-bp DNA fragments were used, the affinity of PARP1 was higher than that of PARP2 due to the contribution of PARP1 binding to both blunt ends and undamaged DNA (Table [1](#tbl1){ref-type="table"}). However, our data demonstrate that both proteins have a similar affinity for nick-containing DNA. Added to this, the high level of discrimination of nick by PARP2 detected by AFM indicates that binding of PARP2 to DNA is significantly facilitated by SSB formation.

![Comparative analysis of PARP1 and PARP2 binding to DNA containing a single nick. Large scale AFM images (left) of PARP1 (**A**) and PARP2 (**B**) binding to nicked 1200-bp DNA and zoomed images (right) of PARP1(2)--DNA complexes. Nicked 1200-bp DNA was incubated with 3.5 nM PARP1 or PARP2 and imaged by AFM in air. Arrows indicate binding of PARP1(2) to DNA ends, nick or undamaged DNA. Scale bar 200 or 500 nm; Z scale: 7 nm. (**C**) AFM analysis of PARP1(2)--DNA complex formation, number of DNA molecules analysed: 210 for PARP1 and 189 for PARP2. The results represent mean ± SD of three to six independent samples. (**D**) Analysis of the position distributions of PARP1 and PARP2 on nicked 1200-bp DNA, number of complexes analysed: 145 for PARP1 and 104 for PARP2. The results represent mean ± SD of three to six independent samples. (**E**) Fluorescence measurements of PARP1 or PARP2 binding to DNA. The reaction mixtures containing the fluorescein-labelled protein PARP1 or PARP2 were titrated with increasing amounts of nicked 1200-bp DNA. Bars indicate the standard error of three independent experiments.](gkv1476fig4){#F4}

###### DNA binding constants and specificities of PARP1 and PARP2 for nicked 1200-bp DNA fragment

                                     PARP1         PARP2 2                     
  ---------------------------------- ------------- ------------ -------------- ------------
  AFM-site specific constants:                                                 
  DNA nick                           5.88 ± 0.51   1349 ± 134   3.7 ± 0.40     7297 ± 872
  Non-specific                       7936 ± 476                 27027 ± 1270   
  Binding constants (AFM macro)^a^   2.3 ± 0.15                 3.0 ± 0.29     
  Binding constants (Flu)^b^         0.84 ± 0.09                1.6 ± 0.12     

^a^Composite macroscopic binding constants of PARP1 and PARP2 to nicked 1200-bp DNA fragments.

^b^Macroscopic binding constant of PARP1 and PARP2 to a 1200-bp DNA measured by fluorescence titration in this study (Figure [4E](#F4){ref-type="fig"}).

AFM imaging of PARP1 and PARP2 activation in the presence of DSBs and SSBs {#SEC3-3}
--------------------------------------------------------------------------

PARP1(2) catalyse the synthesis of PAR using NAD^+^ as substrate ([@B1],[@B2],[@B4]--[@B6]). PARP1(2) activation results in the synthesis of PAR, the branched negatively charged polymer, that is covalently attached to the PARPs themselves or to other acceptor proteins ([@B1],[@B5]). PARylation of PARP1 leads to suppression of its DNA binding activity and seems to be a factor regulating the interaction of the protein with DNA ([@B1],[@B5]). As for PARP1, PAR synthesis catalysed by PARP2 is also stimulated in the presence of DNA damage ([@B3],[@B8],[@B9]). To address PARylation of PARP1(2) using AFM, imaging of these proteins after incubation with 1200-bp DNA, nicked 1200-bp DNA or nicked or supercoiled pBR in the presence of NAD^+^ was undertaken (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). When DNA substrates were incubated with PARP1 in the presence of NAD^+^, the formation of branched polymers was detected by AFM (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). It should be noted that incubation of PARP1(2) with NAD^+^ without DNA did not lead to the appearance of PARylated proteins under the assay conditions used here (Supplementary Figure S5). The time course of PARP1 activation detected at the molecular level allowed us to measure the average size of the PARylated proteins in the presence of 1200-bp DNA, nicked 1200-bp DNA, and nicked or supercoiled pBR (Figure [5C](#F5){ref-type="fig"}). The size was estimated by determining the area of the circle with the radius, which encloses the auto-PARylated protein (Figure [5D](#F5){ref-type="fig"}). Three major points could be underlined. First, the size of the PAR increases mainly within the first 15 min, but the polymerization reaction proceeds for all the incubation period (Figure [5D](#F5){ref-type="fig"}). Second, PARylation of PARP1 was observed for all DNA substrates including supercoiled pBR, but the size of PAR and the amount of PARylated proteins increased significantly in the presence of DNA substrates with breaks (Figure [5D](#F5){ref-type="fig"}). Third, in the case of DNA substrates containing both DSB and SSB, PARylated PARP1 can still bind to DNA and has been mainly detected near DSB ends (Figures [5A](#F5){ref-type="fig"} and [7](#F7){ref-type="fig"}).

![AFM analysis of PARP1 activation in the presence of the different DNA substrates. AFM images show auto-PARylation of PARP1 in the presence of nicked 1200-bp DNA (**A**), and 1200-bp DNA, circular nicked pBR or supercoiled pBR (**B**). Arrows indicate PARylated proteins bound to DNA molecules. Scale bar: 500 nm; Z scale: 7 nm. (**C**) Comparative analysis of the size of PARylated PARP1 in the presence of different DNA substrates. Number of PARylated molecules analysed: 145 for nicked 1200-bp DNA, 202 for 1200-bp DNA, 114 for nicked pBR and 107 for supercoiled pBR. Each data point represents the mean area ± SD with R of PARylated molecules measured from images. All measurements of radius (*R*) were done from the three to ten images obtained from three independent samples for each DNA substrate. The size of PARylated PARP1 smaller than 1200 nm^2^ (*R* \< 20 nm) were not taken into account. (**D**) Zoomed image of PARylated PARP1 bound to SSB. The minimum radius of the circle (*R*) enclosing the PARylated protein was used to estimate the area of PARylated proteins. Scale bar: 100 nm; Z scale: 7 nm.](gkv1476fig5){#F5}

![AFM analysis of PARP2 activation in the presence of SSBs. (**A**) AFM images show time course of auto-PARylation of PARP2 in the presence of nicked 1200-bp DNA. White arrows indicate PARylated proteins bound to DNA molecules. Scale bar: 500 nm; Z scale: 7 nm. (**B**) Large scale AFM images of PARylated PARP2 in the presence of nicked 1200-bp DNA. Insert: zoomed image of a large PARylated PARP2 formed under these conditions. Scale bar: 500 nm; Z scale: 7 nm. (**C**) Comparative analysis of the size of PARylated PARP2 in the presence of 1200-bp DNA with or without nick after 120 min of reaction. Number or PARylated molecules analysed: 354 for nicked 1200-bp DNA and 145 for 1200-bp DNA. Each data point represents the mean area ± SD with radius of PARylated molecules measured from images. All measurements of the radiuses were done from the five images obtained from three independent samples for each DNA substrate. The size of PARylated PARP2 smaller than 1200 nm^2^ (*R* \< 20 nm) were not taken into account.](gkv1476fig6){#F6}

![AFM analysis of the position distributions of PARylated PARP1(2) on nicked 1200-bp DNA. PARP1 (3.5 nM) or PARP2 (3.5 nM) was incubated with 1200-bp nicked DNA (1.5 nM) at 37°C for PARP1 and on ice for PARP2 for 60 min in the presence of 100 μM NAD^+^. Number of complexes analysed: 89 for PARP1 and 55 for PARP2.](gkv1476fig7){#F7}

When PARP2 was incubated with DNA in the presence of NAD^+^ at 37°C, PARylation of this protein was not observed by AFM, although it was detected by SDS gel electrophoresis (Supplementary Figure S6). The visualization of PARP2 auto-PARylation by AFM was achieved by incubating the reaction mixtures on ice before sample loading on mica (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). In the case of 1200-bp DNA, the PARylation catalysed by PARP2 was detected, but at a low level (Figure [6C](#F6){ref-type="fig"}) while PARP2 activation was clearly observed after 15 min of incubation in the presence of nicked 1200-bp DNA (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}). Thus, the presence of a nick in the DNA fragment led to a significant increase in both the amount of PARylated protein and the size of the PAR polymer observed under the assay conditions used here (Figure [6C](#F6){ref-type="fig"}). As for PARP1, the increase in size of the PAR polymer is mainly observed during the 15 min of the reaction; although the sizes of the PAR structures are increased at least 2-fold after incubation for 2 h on ice. It should be noted that interaction of PARylated PARP2, as also PARP1, with DNA was detected by AFM images, but mainly at the nick site (Figures [6A](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). According to the literature, poly(ADP-ribosyl)ation of PARPs leads to a decrease of its DNA binding activity and facilitates its dissociation from DNA breaks ([@B1]--[@B6]). Although automodified PARPs can still bind to the DNA, the amount of complexes of PARylated proteins with DNA is strongly reduced, such that the percentage of nicked 1200-bp DNA bound to PARylated proteins is about 5.5 and 3.7% for PARP1 and PARP2 respectively. It is nearly one order of magnitude lower than the percentage of binding of unPARylated proteins to DNA (which correlates to a ≈50-fold effect on the binding affinity of the proteins to nicks) (Table [2](#tbl2){ref-type="table"} and Supplementary Table S2). The interaction of PARylated proteins with DNA raises the question of their preferential localization on the DNA. We examined the position distributions of PARylated PARP1(2) on nicked 1200-bp DNA by analysing a DNA molecules complexed with the modified proteins (Figure [7](#F7){ref-type="fig"}). Our results show that PARylated PAPR1 is mainly located at DNA ends and nick, while PARylated PARP2 is preferentially located on the nick site (Figure [7](#F7){ref-type="fig"}). This is in agreement with the mode of binding of unmodified PARP2 or PARP1 to individual sites observed by AFM for nicked 1200-bp DNA, when about 65% of PARP1 or 85% of PARP2 complexes were bound to DNA breaks (Figure [4D](#F4){ref-type="fig"}). The analysis of PARylation catalysed by the proteins as measured by AFM and gel electrophoresis shows the increase in size of the PAR polymer produced in the presence of DSBs and SSB for PARP1 and SSB for PARP2 (Figures [5C](#F5){ref-type="fig"} and [6C](#F6){ref-type="fig"}, Supplementary Figure S7). This suggests that the extent of PARylation can be influenced by initial binding affinity of PARPs for DNA sites (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). To determine by AFM the effect of different DNA binding sites on the extent of PARP1(2) PARylation, we measured the time course of changes in the size for the proteins activated by DSB, SSB or non-damaged DNA (Figure [8A](#F8){ref-type="fig"}). Figure [8B](#F8){ref-type="fig"} and [D](#F8){ref-type="fig"} show the average size of PARylated PARP1 or PARP2 after incubation of the proteins with nicked 1200-bp DNA for 30, 60 and 120 min in the presence of NAD^+^. These data demonstrate that after 2 h of incubation the size of PARylated PARP1 detected at SSB and DSB was 25--40% greater than the size of modified PARP1 molecules located on undamaged DNA (Figure [8B](#F8){ref-type="fig"}). In the case of PARP2, its activation was detected mainly at DNA breaks (Figure [8D](#F8){ref-type="fig"}). Size of PARylated PARP2 detected at SSBs increases of 37% in comparison with the modified form of proteins detected near DSBs. Thus, types of DNA damage have an influence on the size of the PAR polymers produced by PARPs.

![AFM**-**based size determination of PARylated PARP1 and PARP2 according to position of the proteins on DNA. AFM images of PARylated PARP1 (**A**) and PARP2 (**C**) located at different sites of nicked 1200-bp DNA (from top to bottom: DNA end, nick and undamaged DNA for PARP1, DNA end and nick for PARP2). Scale bar: 100 nm; Z scale: 7 nm. (**B**) Time course of changes in the size of PARylated PARP1 during its activation at nick, DNA ends or undamaged DNA sites. (**D**) Time course of changes in the size of PARylated PARP2 during its activation at nick or DNA ends. Each data point represents the mean area ± SD. *P*-values were obtained by comparing the results by t-test, \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.005; ns, not significant. All measurements of radiuses were done from more than 10 images obtained from three independent samples for each DNA substrate.](gkv1476fig8){#F8}

DISCUSSION {#SEC4}
==========

PARP1 and PARP2 have been proposed to play a critical role in the detection and repair of DNA breaks ([@B1],[@B3],[@B5],[@B6],[@B41]). Here, we analysed the interaction of PARP1(2) with long DNA molecules to estimate the specificity of PARP1 and PARP2 interaction with SSBs and DSBs using a combination of AFM imaging and biochemical approaches. Previously, the AFM technique was only applied to study the interaction of PARP1 with chromatin, plasmid and specific DNA structures such as loops, hairpins and cruciform ([@B42]--[@B45]). Due to its ability to image single molecules, AFM provides unique information on DNA--protein complexes such as specificity of the interaction and cooperative aspects of binding ([@B21]--[@B25]). However, the main problem of this approach remains the potential dissociation of DNA--protein complexes on mica surface during the adsorption step. As mica is a highly negatively charged surface as are DNA molecules, the adsorption and immobilization of nucleic acids alone or associated with proteins require the presence of multivalent cations in the deposition buffer ([@B25],[@B26]). Magnesium and polyamines such as putrescine or spermidine can be used as cations in the buffer ([@B26],[@B28]). Spermidine at sub-millimolar concentrations induces strong DNA or DNA--protein complex adsorption allowing the observation of protein--ssDNA complexes under various conditions of ionic strength ([@B26],[@B27]). It was shown that the concentration of putrescine has to be in the millimolar range for adsorption of proteins with dsDNA on mica ([@B26],[@B28]). We developed a procedure for absorption of PARP--DNA complexes on mica surface mediated by putrescine. In contrast to Mg^2+^ and Spd^3+^, using of Pu^2+^ as counterions allowed to obtain representative large-scale images of DNA--PARP1(2) complexes and compare them not only to specific interactions of these proteins with DNA breaks but also their activation in the presence of NAD^+^. Indeed, PAR synthesized by PARP1(2) is a negatively charged polymer and can be adsorbed on mica surface such as DNA molecules, allowing to estimate the size and structure of the poly(ADP-ribose) chains.

PARP1 is considered as a molecular sensor of both DNA SSBs and DSBs ([@B1],[@B5],[@B32],[@B33],[@B41]). Our AFM data show that about 60% of PARP1 complexes were detected on DNA breaks and 40% on undamaged DNA (Figure [4D](#F4){ref-type="fig"}). However, considering the fact that undamaged sites are ∼1000-fold in excess over breaks, PARP1 binds predominantly to SSB/DSB rather than to undamaged DNA (Supplementary Table S1). At the same time, distribution of PARP1 between DSBs and SSBs is relatively similar, although this protein has higher affinity and specificity to nick sites (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Fluorescence titration assay confirmed that PARP1 binds to 1200-bp DNA containing both a SSB and DSB with *K*~d~ value two times lower that the one for 1200-bp DNA without nick (Figures [2D](#F2){ref-type="fig"} and [4E](#F4){ref-type="fig"}).

PARP2 interaction with damaged DNA is less well documented than PARP1 ([@B10],[@B13],[@B14]). The higher level of stimulation of PARP2 activity towards SSBs compared to DSBs was detected using short DNA duplexes representing DNA intermediates of the different DNA repair pathways ([@B13],[@B14]). In our case, AFM detection at the single molecule level have demonstrated a strong influence of a single nick on PARP2 binding to DNA (Figures [2C](#F2){ref-type="fig"} and [4C](#F4){ref-type="fig"}), PARP2 molecules are observed at SSB on nicked 1200-bp DNA in 75% of the total quantity of complexes (Figure [4D](#F4){ref-type="fig"}). Simultaneously, AFM and fluorescence titration experiments prove that the presence of nick in the 1200-bp DNA fragment induces a ∼5-fold increase in the affinity of PARP2 for the DNA substrate (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}). Thus, in contrast to PARP1, PARP2 has a low affinity for undamaged DNA, being more specialized in recognizing SSB (Table [2](#tbl2){ref-type="table"}). This specificity of PARP2 for SSBs suggests the possibility that PARP2 contributes to the SSB repair mechanism. Thus, AFM imaging provides direct evidence that PARP1 and PARP2 indeed preferentially bind to DNA breaks in the context of an extended DNA structure.

Another interesting finding of this study is the visualization of the PARylated proteins by AFM. Detection of PARylated PARPs by AFM at high resolution allowed us to compare the size and structure of PAR synthesized by the proteins (Figures [5](#F5){ref-type="fig"}--[8](#F8){ref-type="fig"}). AFM images of PAR structures formed under activation of PARP1 or PARP2 does not show differences since PARs adopt a highly branched 'star' shape for both PARPs used (Figures [5C](#F5){ref-type="fig"} and [6A](#F6){ref-type="fig"}). Likewise, PARylated PARP1 and PARP2 interacting with SSBs or DSBs do not show differences in the PAR structure detected by AFM. In addition, measuring the size of PARylated proteins shows that modified PARP1(2) with *R*-value larger than 40 nm still interacts with DNA (Figure [8B](#F8){ref-type="fig"} and [D](#F8){ref-type="fig"}). It is possible that ADP-ribose chain lengths synthesized by PARP1(2) depend mainly on the initial affinity of the proteins for the site of DNA damage (Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}), i.e. high affinity binding leads to a longer residence time of the protein at the specific site and thus offers the possibility of synthesizing a larger polymer. The size and the location of PARylated PARP2 along DNA molecules in the presence of both SSBs and DSBs are in agreement with this hypothesis (Figures [7](#F7){ref-type="fig"} and [8](#F8){ref-type="fig"}). The model of PARP1 'shuttling' proposes the regulation of PARP1 interaction with DNA through auto-PARylation ([@B1],[@B5],[@B46]). This model implies that auto-poly(ADP-ribosyl)ation of PARP1 initiates dissociation of the enzyme--DNA complexes due to an electrostatic repulsion between anionic PAR and DNA ([@B5],[@B46]). Association of PARylated PARP1(2) of varied size with different DNA sites observed by AFM may point to the weaker influence of the electrostatic force on the stability of PARP1(2)--DNA complexes during the PARylation reaction. These AFM results are in line with biochemical data wherein it was shown lowered affinity of PARylated PARP1 to DNA nick rather than an inability of the automodified protein to bind DNA lesions ([@B16],[@B17],[@B39]).

In conclusion, using analyses at the single molecule level and long DNA fragments, we detected efficient interaction of PARP2 with SSB (Table [2](#tbl2){ref-type="table"}). These results were confirmed by biochemical data that validate our experimental conditions used in AFM experiments. We then took advantage of our approach to study PARP1(2) activation and it appears that the nature of strand interruption influences the efficiency of PARylation, while the polymer remains highly branched in the case of reactions catalysed by PARP1 or PARP2. Our data permit us to reach the important conclusion that PARylated PARP1 and PARP2 retain their interaction with DNA at their specific DNA sites (SSB or DSB) which initiated the reaction of PARP poly(ADP-ribosyl)ation. These data open perspectives on PAR structural studies depending on the nature of the DNA damage and may bring important information on the function of the two proteins in the nucleus.
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